Purpose The aim of the present study was to assess cognitive, affective, and motor long-term sequelae after acquired focal pediatric cerebellar lesions. Methods Eight patients with a history of isolated acquired hemorrhagic cerebellar lesions before the age of 13 participated in this study. All participants underwent a neurologic examination, including the Zurich Neuromotor Assessment (ZNA) and the International Cooperative Ataxia Rating Scale (ICARS). Cognitive functions have been evaluated with a general cognitive assessment and an extensive neuropsychological battery. Furthermore, patients and parents filled in questionnaires about quality of life and possible behavioral or emotional problems. Results The results revealed that all patients exhibited motor problems (ZNA). Most participants had further restricted oculomotor movements (ICARS). Age at injury and the full scale IQ were significantly positively correlated (Pearson correlation 0.779; p=0.023). Conversely, no overall neuropsychological profile could be identified except for marginally reduced reaction times and susceptibility to interference. In addition, borderline results in semantic and phonemic word fluency tasks were apparent. A dysexecutive syndrome was diagnosed in one patient. However, verbal performance and reading abilities were non-pathologic in all participants. The patients reported having a good quality of life without major physical restrictions. Conclusions Emotional disturbances and the presence of a mild cerebellar cognitive affective syndrome (as frequently described in adult patients) could only be confirmed in adolescents with vermis lesions. Nevertheless, in laboratory conditions, neuropsychological impairments were present in all patients. Heterogeneity of age at injury and exact lesion site may have led to interpersonal differences in neuropsychological outcome.
Introduction
Since the middle of the last century, the cerebellum has been found to be associated with the coordination and timing of actions, the control and modulation of movements, and the adjustment of posture [1] . At the end of the 1980s, reports suggesting a possible contribution of the cerebellum to higher-level cognition [2, 3] . In the last two decades, an increasing number of studies have described cognitive impairments following damage to the cerebellum. Some reports have linked cerebellar lesions to difficulties in various cognitive domains, e.g., language and speech problems [4] [5] [6] [7] [8] , visuo-spatial impairments [8] [9] [10] , execu-tive dysfunctions and (verbal) working memory problems [11] [12] [13] , learning disabilities [8, 10, 12] , as well as impaired sequencing in cognitive domains [14, 15] . In 1998, Schmahmann and Sherman tried to combine some of the described symptoms under the term cerebellar cognitive affective syndrome [16] . This syndrome represents a neurobehavioral phenomenon that includes various neuropsychological deficits combined with behavioral/affective symptoms [16] . Symptom-lesion mapping, neuroanatomical and functional neuroimaging studies provide further indications that the cerebellum is involved in cognitive functioning [17] [18] [19] [20] [21] [22] [23] [24] . Some studies have even found connections between lesions of the posterior lateral cerebellar hemispheres and higher order cognitive problems, whereas injuries involving the vermis of the cerebellum are accompanied by dysregulation of affect [25] [26] [27] [28] .
However, the extent of influence of the cerebellum on developing cognitive functions is still insufficiently investigated. Despite the fact that neurocognitive problems after acquired pediatric cerebellar lesions have been described, reports about the emergence of cerebellar cognitive affective syndrome in this population are scarce [28] [29] [30] [31] . Nevertheless, many authors stress the importance of an intact cerebellum for the development of neuropsychological functions [24, [32] [33] [34] . Thus far, it is known that children who suffer from congenital vermal aplasia (Joubert-Boltshauser syndrome) have severe cognitive deficits [35] . Other reports have linked an underdevelopment of the cerebellum in preterm babies with potential cognitive problems later in life [36] [37] [38] . The majority of pediatric studies focusing on cognition after acquired cerebellar lesions have mainly recruited patients suffering from oncological diseases. Neoplastic pediatric cerebellar lesions have repeatedly been found to be associated with different neuropsychological problems [24, 28, 29, 32, 39] .
To the best of our knowledge, no systematic evaluation of long-term sequelae after acquired non-neoplastic cerebellar lesions during development has yet been reported. Therefore, in the present study, we focus primarily on the long-term outcomes for neuropsychological functions, quality of life, and possible behavioral/emotional problems in a circumscribed patient group with a history of acquired non-neoplastic cerebellar lesion during childhood.
Methods
After approval by the Cantonal Ethics Committees of Bern and Zurich, Switzerland, databases of the University Children's Hospitals in Bern and Zurich and the Swiss Neuropaediatric Stroke Registry were systematically searched for former patients with a history of acquired isolated ischemic or hemorrhagic cerebellar lesion under the age of 16 in the past 10 years [40] . Patients younger than 6 years at the time of examination were excluded due to the limited number of neuropsychological tests available for this age group and missing normative data of healthy children. Patients with psychiatric disorders prior to injury, with neurological or systemic disorders potentially interfering with developing cognitive functions and patients with oncological problems were excluded as well. Finally, eight patients qualified for participation. These patients had all suffered from a hemorrhagic cerebellar stroke due to an arterial venous malformation (AVM) or a cerebellar cavernoma (see Table 1 ). They were thoroughly informed about the aim of the study. Written informed consent was obtained from all participants and their parents.
Neuroimaging
All participating families granted the research team full access to the children's medical documents, including CT, MRI scans, or angiography images. All initial and followup neuroimaging data were reviewed. The cerebellum was examined in regard to the affected vascular territory, the exact lesion site in the cerebellar hemisphere, and potential lesions in the vermis.
Neurological and neuropsychological assessment
The neurological and neuropsychological assessments were done at least 12 months post-injury. The neurological examination involved a complete Zurich Neuromotor Assessment battery (ZNA) and the International Cooperative Ataxia Rating Scale (ICARS) [41, 42] 
Questionnaires
The patients and their parents were further asked to fill in questionnaires about the patient's physical well-being, emotional health, and possible behavioral problems, as well as the patient's present quality of life. To address these issues, the following questionnaires have been chosen: Child Behaviour Check List (CBCL), Youth Self Report (YSR), the Marburger inventory to establish the quality of life in children and adolescents (ILK-MARSYS), and the Kidscreen-52 long-version questionnaire.
Results
The patients' characteristics, as well as the etiology of the cerebellar injury, are described in Table 1 . The eight patients who were willing to participate were between the ages of 11 and 21 (mean age 16 years and 6 months; SD 3 years and 2 months). The age at the time of manifestation of the cerebellar injury was between 9 and 13 years of age, with a mean age of 11 years. In five participants, the right cerebellar hemisphere has been injured; in two of those patients, the left side was mildly affected, too. A single patient had an isolated lesion on the left cerebellar hemisphere. In 50% of the patient group, the vermis of the cerebellum was affected. Two of those patients had an isolated vermis injury with no involvement of the cerebellar hemispheres. Minimal hydrocephalus (defined as mild enlargement of temporal horns) was present in four patients at acute presentation. Figures 1  and 2 , which show MR images of two selected patients, provide a clear picture of the exact lesion sites and indicate the medical interventions needed in these cases.
Neurological and neuropsychological assessment
Detailed results of the neurological assessments are shown in Table 2 . The results revealed the presence of mainly unspecific motor problems (ZNA) and slight symptoms of ataxia (ICARS). Every single patient had results in at least one subtest of the ZNA that were more than one standard deviation below the age-scaled norm. Seven patients even had abnormal results in three or more subtests of the ZNA. The subscales for adaptive fine motor tasks (mean −3.4; SD 3.3) and for adaptive gross motor tasks (mean −2.7; SD 1.6) were most sensitive. In contrast, motor speed -assessed with the D-KEFS -was average or even above average in all patients (mean 12; SD 1). The ICARS revealed only minor and quite heterogeneous signs of ataxia. Most abnormal results were obtained in the subscale oculomotor movements.
General intelligence assessments of the patient group resulted in a mean full scale IQ (FSIQ) of 103 (SD 11, range 83-118). Only one participant had an FSIQ below 85. Mean Table 3 . Prolonged reaction time was revealed in the TAP subtests for alertness and for selective attention, where up to 50% of study sample had pathological results. In the TAP subtest for incompatibility (designed to measure a person's susceptibility to interference), 50% of the participants showed reaction times of more than one standard deviation below the mean of the norm population (percentile <16). Clinically, no patient showed problems reading aloud (judged by accuracy and speed). 
Questionnaires
Results of the questionnaires on emotional well-being, possible behavior problems, and quality of life of the participants revealed no significant impairments or restrictions compared with healthy children or young adults. The questionnaires (CBCL and Kidscreen-52) found the participants to be in good general mental health with slightly reduced physical well-being and somatic complaints in some individuals. The majority, however, did not report that somatic symptoms influenced their daily activities. In general, the patients' self-ratings matched the parents' ratings quite well. In individual patients, the CBCL/YSR scales for withdrawal, somatic complaints, social problems, and internalizing showed minor problems. However, there have been no reports of rule-breaking behavior or other externalizing problems. Patient nos. 2, 6, 7, and 8 (all with a lesioned vermis) were reported to have more behavioral problems and to be more affected by emotional disturbances than the other patients. In two participants (patient nos. 1 and 3 -both with an intact vermis), no psychiatric disturbances or behavioral problems were captured by the ratings. Quality of life, as assessed by the ILK-MARSYS, was rated to be average or even above average by all patients and their parents.
Discussion
The present study, with its selection of patients with histories of acquired non-neoplastic cerebellar lesions during childhood, provides a unique opportunity to address speculations about the developing cognitive cerebellum.
Not surprisingly, the neurologic examination revealed motor deficits in all patients, especially in fine and gross motor tasks (ZNA). Despite these results, the ICARS revealed only mild and quite heterogeneous signs of ataxia in our cohort. The ICARS has been shown to be a reliable and valid test for ataxia after cerebellar injuries, especially for assessing oculomotor functions [17, 42] . In the present patient group, the subscale for oculomotor movements has indeed been revealed to be the most sensitive ICARS subscale. These results confirm that the cerebellum is an important brain structure for (guided) eye movements. Such restricted voluntary eye movements might be the main cause of possible reading problems. Neuropsychologically based reading problems, due to problems in language processing, are probably secondary in patients with cerebellar injuries. However, in our patient group, no restrictions in reading accuracy and reading speed were observed.
The general intelligence assessments of the whole patient group revealed a mean FSIQ of 102 (SD 11). This result does not significantly differ from the general cognitive abilities of the healthy population. The analysis further revealed no significant correlation between time since injury (in years) and the FSIQ. However, we found a significant positive correlation between age at injury and FSIQ (Pearson correlation 0.779; p=0.023). This observation is in line with results obtained in studies with patients suffering from oncological problems, in which younger age at tumor resection is tied to a higher risk for compromised cognitive outcomes [24, 39] . Thus, our results support the idea in the literature that the child's cerebellum plays an important role for developing cognitive functions [24, 34, 35, 39] . We assume that the cerebellum probably triggers the functional growth of other brain structures, e.g., the frontal lobe. With increasing For the Zurich Neuromotor Assessment (ZNA), the scales have been converted into standard z-scores. Results that are more than one standard deviation below norm data (as referred in the Zurich Neuromotor Assessment test manual) are considered to be pathologic and are therefore printed in bold. Note that this table is just an overview of the collected results. Not all results are illustrated independence of these brain structures from cerebellar support, the importance of the cerebellum for cognitive functioning might decrease. This theory would explain why some adult patients have just minor or no cognitive problems after cerebellar injuries, but children with congenital cerebellar aplasia are most severely affected.
In this patient group, the biggest effect on neuropsychological functions can be seen in the domains of attention and information processing speed. Our results show that children and adolescents with cerebellar lesions are generally slower to react to stimuli (e.g., TAP alertness or TAP selective attention) than healthy children. If the patients perform at normal speed, Results that are more than one standard deviation below norm data (as referred in the test manuals) are considered to be pathologic and are therefore printed in bold. The scales used in the present table always match to scales in the particular test manual. This approach has been chosen as these scales are most familiar to clinicians who use the mentioned test. If three or more individuals scored at least one SD below the norm in a particular test, the test is considered to be sensitive. Note that only an aperture of mainly pathological results is illustrated. All results below PR16 (which refers to one SD below the mean of the healthy age-matched population) are considered to be pathologic PR percentile -mean=50, n/a non-available-missing data they commit significantly more errors and omissions (Table 3) . These results contrast with the findings of Haarmeier and Thier, who argue that significant results in most studies addressing the "attentive cerebellum" can be explained by oculomotor, motor, and/or working memory demands [43] . However, the slower reaction times on our tasks cannot be explained by oculomotor problems (as in these subtests no eye movements were required) or motor deficits (as the patients were instructed to have their hands already lying on the response button during the tests). In addition, the aforementioned tasks did not involve working memory. Significantly slower reaction times in the majority of the patients (and in two cases, also significantly more errors) can further be seen in the TAP subtest for incompatibility when compared to their peers. This subtest is supposed to measure the subject's susceptibility to interference, and, in contrast to the tasks measuring reaction time, it consists of a working memory component. Susceptibility to interference is associated with compromised executive functions. Significant problems in the semantic and/or phonemic word fluency tests (RWT) further strengthen the observation of executive problems in these patients [8, [11] [12] [13] . Taking these results and the diagnosed dysexecutive syndrome of patient nos. 4 into account supports speculations about alteration of the cerebello-frontal circuitry following cerebellar injuries [26, 39, 44] .
Some studies imply that the crossing of cerebellar-cortical pathways leads to visuo-spatial problems after left cerebellar injuries and to language disturbances after injuries of the right cerebellar hemisphere, respectively [23, 24] . The present study did not reveal that any language problems had occurred after right cerebellar hemisphere lesions.
Even though support for the involvement of the cerebellum in affective and behavioral regulation processes has emerged from psychiatric studies and from studies on children with congenital cerebellar malformations, it is still unclear if these problems correspond to the phenotype of problems resulting from acquired cerebellar lesions during development [34] [35] [36] [37] 45] . The results of the questionnaires revealed that the patients experienced just minor emotional distress. Any patients or parents who did report affective and behavioral regulation problems exclusively mentioned internalizing problems, rather than rule-breaking or aggressive behavior. In four of our eight patients, higher scores on emotional and behavioral problem scales coincided with an involvement of the vermis of the cerebellum in the injury. These observations are in line with reports that show a relationship between affective/behavior problems and an impairment of the vermis in the human cerebellum [16, 38] .
Limitations
Even though the present study represents the largest ever reported cohort of pediatric patients with acquired hemorrhagic cerebellar lesions, it still only consists of eight participants. Due to the small number of patients, we considered a healthy control group to be inappropriate. However, normative data of healthy children/adolescents were available from the test manuals. Any future study with more participants will need to consider whether a control group might be feasible. Furthermore, our patients sustained their injuries in a circumscribed time period. A topic of interest would be the effect on developing cognitive functions of a non-neoplastic lesion acquired early in life. In addition, cerebellar bleeding might only marginally cause necrosis. Thus, outcome after hemorrhagic cerebellar injury is probably much better compared with neoplastic space-occupying lesions that cause disruption of fibers. Moreover, in the present study, we looked at long-term outcome in adolescence or even early adulthood, and thus, potential short-term problems in these patients have been neglected.
Conclusions
All patients investigated in our study presented with mild and mostly subclinical motor problems that did not impact their activities on a daily basis. Cognitive impairments, if present, were mild in the majority but extremely heterogeneous in profile. This fact shows that detailed and individual-based neuropsychological evaluation is necessary in these patients. The circumscribed motor impairments and mild cognitive problems, which could only be evidenced in laboratory conditions, support the ideas that hemorrhagic lesions show marked acute symptoms, but have a promising long-term prognosis and good quality of life. Though, the presence of cerebellar cognitive affective syndrome, as described in the literature, was only expressed in children with vermis lesions. Children without vermis lesions have not been reported to show any behavioral or emotional disturbances. Our data show that young age at the time of injury and bi-hemispheric cerebellar lesions might be an important predictor for long-term cognitive outcome. Most likely, the developing cerebellum triggers the functional growth of other brain structures. With increasing independence of these brain structures from cerebellar support, the cerebellum becomes less important in processing neuropsychological functions and therefore, less vulnerable to injury.
